Introduction: Fluid overload is a clinical problem frequently related to cardiac and renal dysfunction. The aim of this study was to evaluate fluid overload and changes in serum creatinine as predictors of cardiovascular mortality and morbidity after cardiac surgery. Methods: Patients submitted to heart surgery were prospectively enrolled in this study from September 2010 through August 2011. Clinical and laboratory data were collected from each patient at preoperative and transoperative moments and fluid overload and creatinine levels were recorded daily after cardiac surgery during their ICU stay. Fluid overload was calculated according to the following formula: (Sum of daily fluid received (L) -total amount of fluid eliminated (L)/preoperative weight (kg) × 100). Preoperative demographic and risk indicators, intraoperative parameters and postoperative information were obtained from medical records. Patients were monitored from surgery until death or discharge from the ICU. We also evaluated the survival status at discharge from the ICU and the length of ICU stay (days) of each patient. Results: A total of 502 patients were enrolled in this study. Both fluid overload and changes in serum creatinine correlated with mortality (odds ratio (OR) 1.59; confidence interval (CI): 95% 1.18 to 2.14, P = 0.002 and OR 2.91; CI: 95% 1.92 to 4.40, P <0.001, respectively). Fluid overload played a more important role in the length of intensive care stay than changes in serum creatinine. Fluid overload (%): b coefficient = 0.17; beta coefficient = 0.55, P <0.001); change in creatinine (mg/dL): b coefficient = 0.01; beta coefficient = 0.11, P = 0.003). Conclusions: Although both fluid overload and changes in serum creatinine are prognostic markers after cardiac surgery, it seems that progressive fluid overload may be an earlier and more sensitive marker of renal dysfunction affecting heart function and, as such, it would allow earlier intervention and more effective control in post cardiac surgery patients.
Introduction
Cardiac surgery is the surgical procedure most frequently associated with acute kidney injury (AKI) [1] . Kidney dysfunction during the perioperative period has also been associated with increased length of hospital stay [2] and with a mortality rate as high as 50% [3] , regardless of the underlying disease [4] . Therefore, research has been carried out with various biomarkers in order to determine their prognostic value.
Creatinine is the most widely used marker of kidney function in patients undergoing cardiac surgery. According to Lassnigg, a small increase in serum creatinine (0 to 0.5 mg/dL) has been associated with 30-day mortality [5] . On the other hand, fluid overload has also been linked with worse prognosis in several situations, including heart failure [6, 7] . Due to this close interaction, fluid overload has been identified as a new biomarker of heart and renal function [8] . Cardio renal syndrome combines kidney dysfunction and heart failure in many clinical conditions. In kidney and in heart dysfunction, fluid overload is generally regarded as an important clinical condition [9, 10] . Fluid overload exerts greater venous pressure on the kidney, reducing kidney perfusion and glomerular filtration [11] . However, fluid overload often remains symptomless for several days until clinical symptoms set in, when treatment is usually initiated [12] .
Classically, creatinine has been used to identify kidney dysfunction; however, serum creatinine may remain within the normal range until about half of the kidney function is lost [13] . Hence, clinical diagnosis of kidney dysfunction might be dangerously delayed, as might renal and heart protective procedures. Brain Natriuretic Peptide (BNP) and pro BNP are widely used biomarkers for heart failure, but when the glomerular filtration rate is less than 60 ml/minute their levels become very high, reducing their potential diagnostic accuracy [14] . However, there is no evidence of the relative importance of fluid overload detection and/or changes in serum creatinine in terms of their relative sensitivity as markers of the risk of early mortality in the postoperative period following cardiac surgery.
Materials and methods

Study design
We conducted a cohort study. This study was approved by the Ethics Committees of the Instituto de Cardiologia do Rio Grande do Sul/Fundação Universitária de Cardiologia (IC/FUC), Porto Alegre, RS, Brazil and Universidade Federal de São Paulo (UNIFESP), São Paulo, SP, Brazil, and registered under the numbers 4560/10 and 1781/107, respectively. Data were collected anonymously following the clinical routine, with a waiver for informed consent. We conducted a one year cohort prospective study of all patients from the Postoperative ICU who underwent surgery involving cardiopulmonary bypass (CPB) in a tertiary cardiac referral hospital, Instituto de Cardiologia do Rio Grande do Sul/Fundação Universitária de Cardiologia (IC/FUC), beginning September 2010. Inclusion criteria were as follows: adult patients (>18 years old) submitted to the following elective surgical procedures: myocardial revascularization surgery, valve replacement surgery, valve replacement surgery plus myocardial revascularization, atrial septoplasty and ventricular septoplasty. The exclusion criteria were as follows: length of stay in the Postoperative ICU less than 24 hours, loss to follow-up and patients submitted to surgical re-intervention during the same hospital stay.
The hypothesis of this study was that fluid overload is independently related to mortality and length of stay in the ICU following cardiac surgery. Thus, the purpose of this study was to evaluate the effects of fluid overload and serum changes in serum creatinine on death and length of ICU stay and mortality in patients who underwent heart surgery, regardless of other perioperative risk factors.
We followed the STROBE statement of observational studies.
Data collection Study population methodology
Preoperative demographic and risk indicators, intraoperative parameters and postoperative information were obtained from medical records. The preoperative variables were age (in full years), gender, weight (kg), serum creatinine (in mg/dL), EuroSCORE risk and related diseases. Serum creatinine was measured using the automated colorimetric method (Roche ® Mannheim, Germany), reference values from 0.30 to 1.30 mg/dL. At our hospital, the routine creatinine analysis variation was 1.4%. Cardiac function was quantified using the ejection fraction (%) obtained by the echocardiogram. During the intra-operative period, fluid balance (fluid administered -fluid excreted -in mL) and CPB time (in minutes) were evaluated.
During postoperative follow up all available liquid intake and output data from surgery day until ICU discharge or death were included. Fluid balance (fluid administered -fluid excreted -in mL) and changes in serum creatinine were evaluated daily. Fluid management and all other interventions were determined by attending physicians and were not influenced by the study researchers. Patients were monitored from surgery until discharge or death during ICU stay period. We also evaluated the survival status and the total length of ICU stay (in days) of each patient.
To assess the impact of fluid accumulation and acute kidney dysfunction on mortality and length of ICU stay, percentage fluid accumulation and changes in serum creatinine were measured and analyzed.
For fluid accumulation, we considered the whole length of the ICU stay, including the day of surgery. We measured the 24-hour totals of fluid intake and output daily, including the trans-operative surgical period. In order to calculate daily fluid balance, the following formula was applied daily: Total fluid received (L) -Total amount of fluid eliminated (L).
In order to quantify fluid accumulation, the following formula was applied: Daily fluid accumulation sum = [Total quantity of fluid received (L) -total amount of fluid eliminated (L)]/Preoperative weight (kg) × 100. This percentage of fluid accumulation was calculated according to procedures found in previous studies [15, 16] . We used the term 'percentage of fluid accumulation' to define the percentage of cumulative fluid adjusted for body weight. We define fluid overload as ≥10% of fluid accumulation, following a previously applied classification [17, 18] . To measure changes in serum creatinine, for each patient we calculated the difference between the highest serum creatinine value observed in ICU and preoperative creatinine. To identify if the fluid accumulation might interfere with the dilution value of changes in creatinine, we used a correction factor, according to Macedo [19] : Adjusted creatinine = serum creatinine × correction factor.
Correction factor = (preoperative weight kg ×0.6 + (daily cumulative fluid balance (L)))/pre operative weight ×0. 6 We also evaluated age, EuroSCORE risk, preoperative creatinine, stratified changes in creatinine (≤0.3 mg/dL, 0.3 to 0.6mg/dL and ≥0.6 mg/dL), stratified volume accumulation (≤5%, 5% to 10%, ≥10%) and CPB time as potential confounding factors. We considered infection, pulmonary edema, bleeding, cardiac arrhythmia and death as combined events in the analysis of the study outcome. We did not analyze the temporal fluctuations of fluid overload in response to diuretics as a marker of mortality.
The study size was determined using the computer software Programs for Epidemiologists (PEPI version 4.04x). The program indicated a base of 480 patients for the 5% (α = 0.05) minimal error type I and a 20% probability error type II to estimate the OR value = 3, mortality incidence about 5% when comparing patients with the 0 to 0.5 creatinine change in relation to decreased -0.3 to 0 values, according to Lassnigg [5] . Data analysis was performed using Microsoft, Excel (Microsoft Corp, Redmond, WA, USA).
Statistical analysis
Quantitative data were described using mean and standard deviation or the median and interquartile range in the presence of skewness. Categorical data were expressed using counts and percentages. We excluded patients who died in the trans-operative period and in the first 24 hours after surgery.
Volume accumulation and changes in creatinine were transformed to Z scores to analyze the association of unit changes in both variables. We did individual Chisquare tests to identify the potential morbidities. Due to the limited number of deaths, we analyzed the combined morbidities, including mortality, and its association with potentially predictive factors using logistic regression to obtain ORs with their respective 95% CIs.
Due to the skewness, the length of ICU stay was logtransformed. For the association of volume accumulation and length of ICU stay we used a linear regression model (r Pearson coefficient). Length of ICU stay was modeled using multiple linear regression to evaluate its relationship to a number of independent factors. In this model, changes in serum creatinine were expressed as Δ creatinine, which was calculated as: Changes in creatinine = Highest serum creatinine value -Baseline creatinine. Standardized beta coefficients were used to obtain adjusted contributions of these factors in the model. Significance level was set at α = 0.05. Data were analyzed using SPSS version 18.0.
Results
Five hundred and eighty-six patients were admitted to the postoperative ICU from September 2010 through September 2011. Eighty-four patients were excluded because they had undergone other surgical procedures, surgical reintervention or were lost to follow-up. Five hundred and two patients were prospectively studied ( Figure 1 ).
Patients Characteristics
A total of 502 patients, with a mean age of 62.4 ± 13.3 years old, 61.4% men and 38.6% women were analyzed; baseline characteristics are shown in Table 1 . We also observed that only 19.6% of the patients (96) had changes in creatinine >0.3 mg/dl during their entire length of ICU stay, and only seven patients needed dialysis; 12 patients had a neurologic disorder and 30 patients had an infection.
Death, percentage variation of fluid overload and serum changes in serum creatinine
Over the 12-month period, 17 patients died during their ICU stay in the postoperative period (3.38%). When we analyzed the association of fluid accumulation and changes in serum creatinine by Z score variables with mortality, we observed that fluid overload and changes in serum creatinine were significantly associated with mortality. For fluid overload, we found a significant increase of 1.59 in the OR (CI 1.18 to 2.14, P = 0.002) for death at each Z score in fluid overload. For creatinine, we found a significant increase of 2.91 in the OR for death (CI 1.92 to 4.40, P<0.001) at every creatinine Z score change ( Table 2 ). We were unable to separately analyze the death event adjusted to confounding factors because the number of deaths was very small in this period of observation. Thus, we studied this relationship including combined events, such as death, infection, cardiac arrhythmia, bleeding and pulmonary edema. Logistic regression analysis of combined events and association variables revealed a significant increase in combined events when the change in serum creatinine was 0.3 to 0.6 mg/dl (OR 2.4; CI 1.24 to 4.65; P = 0.009), and ≥0.6 mg/dl (OR 6.17; CI 2.83 to 13.45; P <0.001). We also found a significant and independent increase in combined events when the fluid accumulation increased 10% (OR 4.43; CI: 2.08 to 9.14; P <0.001) ( Table 3 ). We also calculated this model with creatinine values adjusted to volume accumulation, as described by Macedo et al. [19] and found similar results for changes in creatinine (OR 2.5; CI 1.31 to 4.83, P = 0.005 to changes of 0.3 to 0.6 mg/dL and OR 6.30; CI 2.92 to 13.58, P <0.001 to changes in creatinine ≥0.6 mg/dL).
We have to emphasize that none of the patients who died had a decreased creatinine level. Considering this observation, we did not analyze the group separately. It was possible to demonstrate that of the 157 patients who had decreased creatinine levels, only four (2.5%) presented fluid overload ≥10%.
Length of ICU stay and percentage variation of fluid overload
We found a moderate to strong magnitude relationship between the length of ICU stay and fluid overload (r = 0.57, P <0.001). We also found that patients who survived after four days in the ICU had no fluid accumulation ( Figure 2 ). After analyzing the independent contribution of all parameters, we observed that a 10% fluid overload was substantially greater than 0.1 mg/dL changes in serum creatinine, in accounting for ICU stay.
In this analysis, time on CPB, EuroSCORE, preoperative creatinine and age were not found to be associated with length of ICU stay ( Table 4 ).
Outcome of fluid overload, length of stay in ICU, change in serum creatinine and death
We found a moderate association between fluid accumulation and length of ICU stay (r = 0.57, P <0.001). As the majority of patients stayed only two days in the ICU, (median = 2, 1 to 3), we analyzed these patients in relation to the upper percentile (P75). We found that only 66 patients stayed more than four days in the ICU (P75). The outcome of fluid overload is time related (Figure 2 ). We found that ten patients died within the first four days in the ICU (P75), 71.4% with fluid accumulation ≥10%; we also found that all seven patients (100%) who died after four days in the ICU had fluid accumulation ≥10%. No patient with less than 10% fluid accumulation died during this period. When we considered the change in serum creatinine, we found that eight patients (75%) with creatinine variation ≥ 0.6mg/ dL died in the first four days, and six patients (85.7%) died after a four-day stay in the ICU.
Discussion
Our analysis describes the importance of fluid overload and changes in serum creatinine during the perioperative period following cardiac surgery as early markers of intra-ICU mortality and longer ICU stay.
To our knowledge, this study is the first to evaluate systematically fluid overload after cardiac surgery. Our most interesting finding is that the 10% fluid overload also seemed to have a significant and independent effect on the combined events, including death. This 10% fluid overload effect was observed in another study that investigated acute kidney dysfunction [17] . Sutherland et al. , in a recent pediatric study into acute kidney dysfunction, reported a 3% increase in mortality for each 1% increase in fluid accumulation [20] .
An inverse relationship between fluid accumulation and survival has been reported in several other conditions, such as in the perioperative period [21] [22] [23] , acute pulmonary edema [8, 24] , pulmonary injury [25] , sepsis [18, 23, 26] and acute kidney injury (AKI) [27] , chronic renal failure [28, 29] and decompensated heart failure [30] . When we studied the impact of all the adjusted variables on combined events, we found that the changes in serum creatinine (≥0.3 mg/dL) and fluid accumulation (≥10%) were the variables most significantly associated with mortality ( Table 2 ). The changes in serum creatinine values and the association with mortality seems to corroborate Lassnigg's findings [5] . These results were previously observed in the perioperative period as well as in critically ill populations, because fluid overload has been associated with impaired wound healing and prolonged mechanical ventilation [31, 32] . Hypervolemia also seems to be associated with cardiac edema, leading to myocyte injury [33] and malignant ventricular tachyarrhythmia [34] .
We also found a significant and independent association between fluid overload and length of ICU stay, similar to those previously found in patients undergoing general surgery [35] , with cardio renal syndrome and acute kidney diseases [7] . In our data, fluid overload seemed to play a much greater role than creatinine in the length of ICU stay ( Table 4 ).
The association between classic risk factors, such as CPB [36] , EuroSCORE [37] and preoperative renal dysfunction, and a higher rate of postoperative complications and longer length of hospital stay has been widely reported in the medical literature [38] . However, when we analyzed the independent contribution of variables to account for the length of ICU stay, we found that only fluid overload and changes in serum creatinine were related to length of ICU stay. The early identification of fluid overload is essential to establish adequate management in cardiac patients, since this is regarded as the most important hemodynamic factor in the worsening of renal function in patients with congestive heart failure [39] . When cardiac dysfunction occurs, it is not unusual to find that renal function suddenly worsens [40] and that the adjustment of volume and sodium is out of control [41] . Fluid overload may be associated with myocardial edema, which, together with inflammatory changes and the activation of the renin-angiotensin system, increases the consumption of myocardial oxygen, leading to an unfavorable clinical situation [42] . It may also alter renal function due to diminished perfusion secondary to venous congestion [13, 43] , so reducing glomerular filtration [44] .
Once renal insufficiency occurs in the setting of heart failure, the prognosis becomes poor. There is a gap in the knowledge regarding the clear distinction between pre-renal and established acute renal failure associated with decreasing compensatory mechanisms and subclinical episodes of heart and kidney dysfunction. Filling this gap is critical for the adequate management of the afflicted patients [45] .
Serum creatinine levels can also undergo changes during the postoperative period after cardiac surgery due to extracorporeal circulation and hemodilution [7] . However, in our data, we found no relationship between the decreased change in creatinine and mortality, because no patient in this group died, in contrast to what was observed by Lassnigg [5] .
Due the fact that only 66 patients stayed more than four days in the ICU, in our data it was impossible to detect an expressive temporal profile. However, we found none of the surviving patients had fluid overload four days after cardiac surgery. Interaction between the heart and kidneys is intense. It is also well established that renal and cardiac function are closely related to fluid control and maladjustment in one of the organs may trigger an alteration in the other [46] . Fluid accumulation may have a bidirectional association with renal dysfunction [24] and may account for this rather direct relationship between heart and kidney, the cardio renal syndrome [24] . In order to establish adequate cross-talk between them, it is necessary to maintain an adequate blood volume and hemodynamic stability [30] . This is so important that several authors have identified fluid overload as a new biomarker of dysfunction of the cardio renal syndrome [41] .
Study limitations
The present study has some limitations. This is a prospective and observational study, prone to bias of selection and residual confounding. Our population included patients with and without sepsis, the number of deaths was small (17 patients), and few patients required dialysis (seven patients). Also, the percentage time of the fluid overload was not considered in this study, a factor which, as is known, may interfere in the length of hospitalization and mortality [15] . Therefore, it is also difficult to distinguish precisely whether the excess of fluid balance is the cause or the result of postoperative complications. It also remains unclear whether fluid restriction or the use of diuretics after cardiac surgery reduces morbidity and mortality [23] .
We did not analyze the mechanisms involved in the development of fluid overload, including the contribution of volume infusion of fluids, the particular type of fluid administered or the absence of response to diuretics. These points need to be addressed in further studies.
Other measurements associated with fluid overload, such as central venous pressure or pulmonary capillary pressure, and pro BNP measures could be performed. In fact, these parameters were obtained from several patients, but not in a systematic protocol. Therefore, we did not analyze and present the related data. However, our results strongly indicate that fluid accumulation control and changes in serum creatinine together may represent valuable tools to detect a population with a higher cardiovascular risk among patients treated in a 'real life' scenario.
Conclusions
In summary, we showed a significant and independent association between fluid overload and changes in serum creatinine in relation to combined events of death, infection, bleeding, arrhythmia and pulmonary edema in postoperative cardiac surgery. We also found that fluid overload was the variable most related to length of stay in postoperative care following cardiac surgery.
As such, our findings contribute towards expanding the knowledge regarding this still unclear field of the functional interaction between the kidneys and the heart. Further randomized and controlled studies are needed to define whether early fluid overload detection would be an unrecognized form of initial renal failure and a target treatment to lower mortality associated with cardiac surgery.
Fluid therapy is widely endorsed for the resuscitation of critically ill patients across a range of conditions. Yet, the approach to fluid therapy is subject to substantial variation in clinical practice. Emerging evidence shows that choice, timing and amount of fluid therapy affect outcome. Further studies would need to focus on these aspects of fluid therapy by means of larger, more rigorous and blinded controlled trials.
Key messages
• Fluid overload is independently associated with combined events in post operative cardiac surgery.
• Increase in serum creatinine is independently associated with combined events in post operative cardiac surgery.
• Fluid overload is substantially more effective in accounting for ICU stay than 0.1mg/dL changes in serum creatinine.
• The early identification of fluid overload is essential to establish adequate management in cardiac patients.
Abbreviations AKI: acute kidney injury; b: angular coefficient obtained in a multiple linear regression model; CI: confidence interval; CPB: cardiopulmonary bypass; Δ variation: (final value -initial value); EuroSCORE: European System for Cardiac Operative Risk; OR: odds ratio; P25 to P75: interquartile range.
